abstract: In assisted reproduction technology, embryo competence is routinely evaluated on morphological criteria. Over the last decade, efforts in improving non-invasive embryo assessment have looked into the secretome of embryos. Human embryos release genomic DNA (gDNA) and mitochondrial DNA (mtDNA) into the culture medium, and the mtDNA/gDNA ratio is significantly correlated with embryo fragmentation. Here, we investigate whether mtDNA/gDNA ratio in embryo spent medium is correlated with blastulation potential and implantation. The mtDNA/gDNA ratio was assessed in 699 Day 3 culture media by quantitative polymerase chain reaction (qPCR) to investigate its correlation with embryo morphology, blastocyst development and implantation. A logistic regression model evaluated whether mtDNA/ gDNA ratio in the secretome may improve the prediction of blastulation. We found that embryos that successfully developed into blastocysts exhibited a significantly higher mtDNA/gDNA ratio in the culture medium compared with those that arrest (P ¼ 0.0251), and mtDNA/gDNA, combined with morphological grading, has the potential to predict blastulation better than morphology alone (P ¼ 0.02). Moreover, mtDNA/ gDNA ratio was higher in the media from good-quality embryos that reached the full blastocyst stage on Day 5 compared with those that developed more slowly (P , 0.0001). With respect to blastocyst morphology, higher trophectoderm quality was associated with a higher mtDNA/ gDNA ratio in the culture medium. Finally, a high mtDNA/gDNA ratio in spent medium was associated with successful implantation outcome (P ¼ 0.0452) of good-quality embryos. In summary, the mtDNA/gDNA ratio in the Day 3 embryo secretome, in combination with morphological grading, may be a novel, non-invasive, early biomarker to improve identification of viable embryos with high developmental potential.
Introduction
Assessment of embryos with optimum development potential is one of the major challenges in human IVF technology. Routinely, embryo selection for transfer in utero is mainly based on morphological and developmental characteristics such as the degree of fragmentation, blastomere size and multinucleation, embryo symmetry and cleavage rate, which are assessed at few predetermined microscope evaluations on Day 2 or 3 post-insemination (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011) . Although these strategies, combined with improved culture environment, are relatively successful (Ebner et al., 2003; Racowsky et al., 2003; De Neubourg et al., 2004) , .70% of IVF embryos fail to implant (Kovalevsky and Patrizio, 2005) . Moreover, discrete observations are unable to detect dynamic processes such as changes in fragmentation degree (Hardarson et al., 2002) , and different cleavage kinetics that could have developmental significance (Salumets et al., 2003) . Additionally, morphological assessment is hampered by the lack of suitable standards and by the inter-and intra-observer variability associated with a subjective grading system (Paternot et al., 2011) . In this context, time-lapse imaging has been proposed for refinement of morphological parameters that may non-invasively predict the developmental potential of embryos (Wong et al., 2010; Meseguer et al., 2011; Cruz et al., 2012; Chen et al., 2013 , Conaghan et al., 2013 Kirkegaard et al., 2013) . However, embryo morphology does not necessarily reflect functional status, and 30 -50% of normal looking embryos are chromosomally abnormal (Munné, 2006; Capalbo et al., 2014; Fragouli et al., 2014) .
Over the last decade, developments of non-invasive embryo grading for the greatest viability have looked into metabolic parameters in culture media. These embryo selection methods are based on analysis of spent culture media nutrient and metabolite content, such as glucose, lactate, pyruvate, amino acids, oxygen consumption by the embryo and, more recently, analytical examination of embryonic metabolome (Botros et al., 2008; Bromer and Seli, 2008; Nel-Themaat and Nagy, 2011; Wang, 2011; Katz-Jaffe and McReynolds, 2013) . Specifically, amino-acid turnover (Ala, Arg, Gln, Met, Asn) (Houghton et al., 2002; Brison et al., 2004) and pyruvate and glucose uptakes (Gardner et al., 2001) were able to predict blastocyst potential. However, to date, there is no non-invasive platform that has been proven to be of true clinical predictive value or been examined in prospective randomized control trials to be better than current morphology-based selections methods (Hardarson et al., 2012; Vergouw et al., 2012) . Therefore, there remains a need for improvements in the ability to predict noninvasively which embryo(s) is destined to develop to blastocyst and to establish a successful pregnancy.
We previously discovered that both genomic DNA (gDNA) and mitochondrial DNA (mtDNA) are detectable in the secretome of human cleavage-stage embryos (Stigliani et al., 2013) and that a high mtDNA/ gDNA ratio in the secretome is associated with poor embryo quality and high degree of fragmentation. Hereby, we propose to investigate whether the mtDNA/gDNA ratio in Day 3 culture medium was correlated with blastocyst potential and implantation outcome, in order to assess whether mtDNA/gDNA ratio may be a novel, non-invasive biomarker useful for improving assessment of embryo viability.
Materials and Methods

Ethical approval
Each couple whose embryos were enrolled in the study signed a written informed consent. The study was approved by the San Martino Hospital Ethical committee (approval n. 11/2011).
Patients selection, treatment, embryo culture and medium collection All patients participating in the study were recruited from the UOS Physiopathology of Human Reproduction at the IRCCS AOU San Martino-IST of Genoa, Italy. Standard controlled ovarian stimulation protocols were used. Briefly, pituitary suppression was achieved with either GnRH agonists or antagonists. Stimulation with FSH was monitored by measuring serum E2 levels and follicle growth. Human chorionic gonadotrophin (hCG) was administered when patients had reached the individual clinic's trigger point for follicular growth. Oocytes were collected 34-36 h after hCG. Retrieved oocytes were rinsed, graded and placed in the clinic's routine retrieval media. Patients undergoing ICSI from cryopreserved gametes and all inseminated by conventional IVF were excluded from the study, in order to avoid potential biases due to cooling/defrosting procedures and potential contaminating DNA from spermatozoa, respectively. It is noteworthy that we routinely perform insemination by ICSI, thus such an exclusion criterion did not imply a selection of couples depending on andrological characteristics. For collection of implantation outcome data, patients were included if they had a Day 3 embryo transfer and either all the transferred embryos implanted or none did so. Thus, patients where one out of two embryos implanted were excluded. Pregnancy was defined as fetal cardiac activity at 12 weeks of gestation.
Incubations were performed at 378C in a humidified atmosphere of 6% CO 2 , 5% O 2 (the balance gas in the mixture was nitrogen) using Galaxy 48R incubators (New Brunswick Scientific, Edison, NJ, USA). Fertilization was assessed 19 + 1 h post-insemination and embryos with two pronuclei were individually cultured from Day 1 to Day 3 into Sydney IVF Cleavage medium (Cook Medical, Bloomington, IN, USA), and, eventually, from Day 3 to Days 5 -7 into Sydney IVF Blastocyst medium (Cook Medical).
On Day 3, following removal of the embryos in preparation for transfer into the blastocyst medium or into the uterine cavity, spent culture media were collected, immediately frozen into sterile, DNA-, DNase-, RNase-, polymerase chain reaction (PCR) inhibitors-free tubes (Eppendorf, Hamburg, Germany) and stored at 2208C until nucleic acid purification.
We collected 699 Day 3 spent media of which, 605 were used to investigate the correlation between mtDNA/gDNA ratio and blastulation (the corresponding embryos were put into the appropriate medium and cultured until Days 5 -7), and 94 were used to study association with implantation (the corresponding embryos were transferred in the uterus on Day 3).
Morphological assessment of Day 3 embryos and blastocysts
Each Day 3 embryo was morphologically scored according to the current consensus system (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011) by combining the number and size of blastomeres, the degree of fragmentation and the cleavage rate.
Blastocysts were morphologically scored according to criteria described by Gardner and Schoolcraft (1999) and recently agreed by an expert panel of scientists (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011). The blastocoele expansion was assessed and assigned to one of the following: (i) an early blastocyst, blastocoele filling less than half of the volume of the embryo; (ii) a blastocyst with a blastocoele filling half or greater than half of the volume of the embryo; (iii) a full blastocyst with a blastocoele completely filling the embryo; (iv) an expanded blastocyst with a blastocoele volume larger than that of the full blastocyst, with a thinning zona pellucida; (v) a hatching blastocyst with the trophectoderm (TE) starting to herniate through the zona and (vi) a fully hatched blastocyst. For blastocysts with expansion stage ≥3, size and compactness of the inner cell mass (ICM), and the cohesiveness of TE cells were evaluated. The ICM was assessed as follows: (A) tightly packed, compacted cells; (B) largely, loosely grouped cells and (C) no ICM distinguishable. The TE was assessed as follows: (A) many healthy cells forming a cohesive epithelium; (B) few cells forming a loose epithelium and (C) very large or unevenly distributed cells.
Quantification of mtDNA/gDNA ratio
After cell-free DNA concentration and purification from embryo media by QIAamp w Circulating Nucleic Acid kit (Qiagen, Hilden, Germany), the mtDNA/gDNA ratio was calculated by a relative copy number quantification as previously described (Stigliani et al., 2013) . Briefly, specific primers/ probe mixes were used to amplify a fragment of the mitochondrial MT-7S D-loop region (FAM assay for Hs02596861_s1, Life Technologies, Carlsbad, CA, USA) and a fragment of the nuclear genomic RNAse P (FAM assay, Life Technologies). All reactions were performed in duplicate on the Mastercycler w epRealPlex 2 S system (Eppendorf). PCR reactions were performed according to standard conditions for TaqMan w assays: 958C for 10 min; 40 cycles at 958C for 15 s and 608C for 1 min. A negative control (RNAse/ DNAse-free water) and a positive control (Total human DNA, Promega, Madison, WI, USA) were included in each run. Experiments were performed blindly the sample type. RealPlex software was used to determine Cq and for each reaction, the duplicate Cq values were averaged. The relative amount of MT-7S to RNAse P (mtDNA/gDNA ratio) was calculated using the equation 2 2dCq , where dCq ¼ (Cq MT-7S -Cq RNAse P ). In 187 out of 699 (27.5%) samples, the gDNA was undetectable. The relative quantification of mtDNA was estimated also when gDNA was not measureable, setting Cq RNAse P ¼ 40 (the average Cq RNAse P was 35).
In order to evaluate a possible exogenous source of nucleic acids in the culture medium, each batch of cleavage medium used for embryo culture has been tested in qPCR. DNA amplification disclosed that some lots of medium contained irrelevant traces of nucleic acids (mtDNA/gDNA ,5 copies). This baseline value of the reagent blank was subtracted from mtDNA/gDNA ratio of each sample.
Design of an algorithm predictive of blastulation
The predictive use of mtDNA/gDNA ratio was explored using the logistic regression model. Two models were estimated, one including only Day 3 morphological grade (Model 1) and the other including both morphology grade and log 2 of mtDNA/gDNA ratio (Model 2). Significance of parameters was evaluated using the likelihood-ratio test. The predictive performances of the two models were evaluated using the area under the receiver operating characteristics (ROC) curve (AUC). The difference between the two AUCs was evaluated with the method described in Hanley and McNeil (1983) . All the analyses for the logistic model were performed using R v.3.0.1 (http:// www.R-project.org), with package ROCR (Sing et al., 2005) .
Statistical analyses
For each embryo whose culture medium was analyzed, we collected data about its morphology, cleavage stage and outcome (blastocyst development, implantation). The Mann-Whitney test was performed using MedCalc w software (Mariakerke, Belgium), in order to investigate statistically significant differences between the mtDNA/gDNA ratio in the culture media. The results were considered statistically significant at P , 0.05.
Results
Integration of DNA secretome and blastulation
In order to investigate relationship between mtDNA/gDNA ratio in embryo culture medium and blastocyst potential, a total of 605 spent media were collected on Day 3. The corresponding embryos were transferred into the appropriated medium and culture was extended until Days 5-7. Among them, 251 (42%) embryos developed to blastocyst stage. Statistical analysis showed that DNA profile of Day 3 secretome was correlated with embryo developmental potential. In fact, embryos that reached blastocyst stage released significantly more mtDNA into the culture medium compared with those that arrested (P ¼ 0.0251) (Fig. 1A) .
Integration of cleavage-stage embryo morphology, mtDNA/gDNA ratio and blastulation
As regarding morphology on Day 3, 303 embryos were Grade A, 222 Grade B and 80 Grade C. Blastulation was observed in 59% (180/303) of Grade A embryos, 28% (63/222) of Grade B embryos and in 10% (8/80) of Grade C embryos. The difference in mtDNA/gDNA ratio between spent media stratified according to their morphological grade and ability to become blastocyst was not statistically significant (Fig. 1B) .
The degrees of embryo fragmentation were defined as mild (≤10%), moderate (10 -25%) and severe (≥25%), according to ESHRE guidelines (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011). On Day 3, fragmentation was estimated as mild in 469 embryos, moderate in 60 embryos and severe in 76 embryos. Blastocyst development occurred in 49% (228/469) of embryos with ≤10% of fragmentation, in 25% (15/60) of embryos with a moderate degree of fragmentation and in 10% (8/76) of embryos with more than 25% of fragmentation. Embryos with a mild degree of fragmentation that developed to blastocyst stage showed significant higher mtDNA/gDNA ratio in the medium with respect to those that arrested (P ¼ 0.0296, Fig. 1C ). We gathered moderately and severely fragmented embryos, due to the small fraction (10%) of embryos with more than 25% of fragments that became blastocyst. Nevertheless, differences between mtDNA/gDNA ratio and ability of moderately/severely fragmented embryos to reach the blastocyst stage were not statistically significant (Fig. 1C) , probably because of the smaller number of embryos with more than 10% of fragments that blastulate (n ¼ 23) with respect to those that arrested (n ¼ 113).
Blastulation prediction
The predictive use of mtDNA/gDNA ratio in the culture medium was explored using the logistic regression model. Logistic regression model estimates (Table I) showed a significant effect of mtDNA/gDNA ratio on blastulation probability even when adjusting for morphology grade. The AUC was equal to 0.7032 for Model 1 and to 0.7218 for Model 2 (P-value for the difference ¼ 0.02), indicating that mtDNA/gDNA ratio in combination with morphological grading has the potential to be a better classifier for blastulation of Day 3 embryos than morphology alone.
mtDNA/gDNA ratio and blastocyst quality
In our cohort of samples, 137 (55%) embryos reached blastocyst stage on Day 5, and 107 (43%) on Day 6. Only seven embryos (3%) developed to blastocyst stage on Day 7, and they were excluded for further analysis because they were too few to perform any meaningful comparison.
First, we compared mtDNA/gDNA ratio and timing of full blastulation. Embryos that showed blastocoele expansion (Grades 3 and 4) on Day 5 (n ¼ 126; 50%) had significant higher mtDNA/gDNA ratio in their media than embryos that were early blastocysts on Day 5 (n ¼ 10; 4%) or Day 6 (n ¼ 39; 15%), or full blastocysts later on Day 6 (n ¼ 67; 27%) (P , 0.0001, Fig. 2A) .
Second, we stratified embryos according to ICM and TE morphological grade. There were 110 ICM Grade A blastocysts (57 on Day 5, 53 on Day 6), 51 ICM Grade B blastocysts (38 on Day 5, 13 on Day 6) and 31 ICM Grade C (29 on Day 5, 2 on Day 6). Statistical analysis demonstrated that the mtDNA/gDNA ratio in spent media did not correlate with ICM grade (data not shown).
There were 53 TE Grade A blastocysts (21 on Day 5, 32 on Day 6), 82 TE Grade B blastocysts (57 on Day 5, 25 on Day 6) and 58 TE Grade C blastocysts (48 on Day 5, 10 on Day 6). Although without any significant differences, we observed an interesting pattern of mtDNA/gDNA ratio with respect to TE quality, dropping the mtDNA/gDNA ratio from Grade A to Grade B, and C TE (Fig. 2B) . The same pattern was detected when we combined blastocoele and TE grade for full blastocysts developed on Day 5 (Fig. 2C) .
Integration of mtDNA/gDNA ratio and implantation outcome
We selected a set of 43 patients in whom all transferred embryos implanted after a Day 3 embryo transfer. Specifically, 35% of them (15/43 patients) conceived twins. In order to investigate relationship between the mtDNA/gDNA ratio in spent medium and implantation outcome, we then selected a set of 51 patients whose Day 3 embryo transfer failed. The two cohorts of patients had similar characteristics, in terms of patients' age (mean age: 34.7 years, range: 23-41), transferred embryos' morphology (Grade A, ,10% of fragmentation, with the exception of 4 Grade B in both groups) and number of transferred embryos (mean ¼ 2.0 and 1.7 in pregnant and not pregnant women, respectively). The mtDNA/gDNA ratio was higher in secretome of embryos that implanted with respect to those that failed (P ¼ 0.0452) (Fig. 3) .
Discussion
In this study, we found that human embryos that show competence for blastocyst development and successful pregnancy are different in their secretome mtDNA/gDNA ratio compared with embryos that arrest or fail in implanting. In particular, analysis of DNA profiles of Day 3 spent media demonstrated that a high mtDNA/gDNA ratio is associated with blastulation and implantation is marked for good-quality cleavagestage embryos.
We previously reported that on Days 2 -3, poor embryo quality (high fragmentation rate) is associated with a high mtDNA/gDNA ratio found in spent media, and therefore, we argued that fragmentation would mirror formation of anucleate cytoplasmic fragments rather than apoptotic bodies, which would mainly cause release of gDNA (Stigliani et al., 2013) .
Hereby, the high mtDNA/gDNA ratio detected in media of embryos that become blastocysts or implant suggests that mtDNA release into culture medium may be not correlated simply to loss of part or whole blastomeres. After all, in our cohort of samples, blastulation mostly occurred in top-quality embryos, with a mild degree of fragmentation, in agreement with the fact that the loss of cytoplasm from blastomeres is detrimental for embryo competence (Ebner et al., 2001) .
It is known that replication of mitochondrial genome is strictly regulated during development, passing from primordial germ cells into oocytes and then, through the embryo and the fetus, into mature cells (for a review, see St John, 2014) . In large mammals, copy number of mtDNA increases significantly during oogenesis (Reynier et al., 2001; May-Panloup et al., 2005a, b; Thundathil et al., 2005; El Shourbagy et al., 2006; Santos et al., 2006) and is actively reduced during preimplantation development (McConnell and Petrie, 2004; Smith et al., 2005; Chiaratti et al., 2010) . The mtDNA sequence variants segregate between generations, despite the high mtDNA copy number in the oocyte. This has led to the concept of a 'mitochondrial genetic bottleneck' that restricts the transmission of mtDNA molecules from the mother to the fetus and offspring (Olivo et al., 1983; Laipis et al., 1988) . The mechanism of this bottleneck is controversial. On the one hand, it has been proposed that mitotic segregation of mtDNA occurs during expansion of primordial germ cells before they colonize the gonad (Jenuth et al., 1996) . On the other hand, it has been suggested that the mtDNA bottleneck happens by reduction in mtDNA copy numbers during preimplantation development in large mammals (Cree et al., 2008) . For example, in pigs (Spikings et al., 2007) embryos, mtDNA copies have a reduction of 60-70% of the oocyte's starting number. In line with the latter theory, we hypothesize that the mtDNA found even into culture medium of embryos with a mild/moderate degree of fragmentation is most likely the manifestation of the mitochondrial bottleneck during development. Since mammalian mtDNA is only maternally inherited, high amount of mtDNA in the embryo secretome would mirror high content of mtDNA in the oocyte and, indirectly, a good oocyte competence. In other words, it would mean that in the oocyte, there are sufficient copies of mtDNA to fuel fertilization and embryonic genome activation, which takes place between the 4-and 8-cell stage in humans (Braude et al., 1988) . Moreover, evidence that a high mtDNA/gDNA ratio predicts blastulation and it is significantly correlated with implantation potential implies that in viable embryos, mtDNA copies are sufficient to sustain later development, although the mtDNA bottleneck process occurs at early stages of development. As regarding the small subset of embryos that, in spite of a severe degree of fragmentation, are surprisingly able to become blastocysts (even though low-quality blastocysts), we hypothesize a balanced combination both of the removal of defective blastomeres (as previously discussed in Stigliani et al., 2013) and the mtDNA bottleneck, together leading to release of mtDNA into culture medium. Overall, we suppose that such fragmented embryos would maintain mtDNA copy numbers at a minimal, sufficient level to support blastocoele expansion. A comparison between overall embryo mtDNA/gDNA ratio and that in the media at different development stages would provide a definitive evidence.
In the present work, we also highlight that the mtDNA/gDNA ratio in secretome on Day 3 is a putative, early biomarker of blastocyst quality. Recently, it has been the Istanbul recent consensus opinion (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011) that an optimal embryo is fully expanded through to blastocyst with an ICM that is prominent, easily discernible and consisting of many compacted and tightly adhered cells, and with a TE that forms a cohesive epithelium. As regarding timeline for blastocyst development, it is generally accepted that an ideal model considers Grade 3 blastocyst expansion as minimal expected observation on Day 5 before Hour 120 from the insemination, and evidence of hatching or already hatched blastocyst on Day 6 (Veeck and Zaninovic, 2003) .
First, we found a positive association between mtDNA/gDNA ratio and blastulation timeline. Specifically, we disclosed that mtDNA/ gDNA ratio is higher in spent media of embryos that become a full blastocyst on Day 5 with respect to those embryos that have a slow development rate, and thus reach an early blastocyst stage on Day 5 or 6, or blastocoele expansion later on Day 6. Patients from which blastocysts do not develop and expand until Day 6 represent a subgroup of infertility patients having relatively poor embryo quality, with low implantation and pregnancy rates (Dokras et al., 1993; Shoukir et al., 1998; Gardner et al., 2000; Shapiro et al., 2001 Shapiro et al., , 2008 Yoon et al., 2001; Racowsky et al., 2003; Della Ragione et al., 2007; Ahlstrom et al., 2011) .
Second, as regarding blastocyst morphological score, our results showed an intriguing pattern according to the higher the TE quality, the greater the mtDNA/gDNA ratio into culture medium. Conversely, we did not found any association between mtDNA/gDNA ratio and size and shape of ICM at all. Also from this point of view, our data suggest mtDNA/gDNA ratio in Day 3 culture medium as an early biomarker of blastocyst quality. Indeed, although the ICM has been considered the most important predictor of implantation potential of a blastocyst (Balaban et al., 2000; Richter et al., 2001; Kovacic et al., 2004; Goto et al., 2011) with the main rationale being that ICM will give rise to the fetus, two studies recently provided strong evidence of the importance of the TE grading for predicting live birth outcome (Ahlstrom et al., 2011; Hill et al., 2013) . It is plausible that at the beginning of implantation process, further development of ICM cannot occur without healthy TE cells that are able to invade the endometrium (Norwitz et al., 2001) . The TE cells also secrete hCG that plays a critical role in establishment of a successful pregnancy. So, higher grades of TE may imply more hCG producing cells and higher levels of hCG facilitating the implantation (Tsampalas et al., 2010) .
Finally, our preliminary data suggest that mtDNA/gDNA ratio assessment in spent media, in combination with morphological grading, may provide additional information for selection of Day 3 embryos with high implantation potential. Ideally, a major benefit of this approach would be to perform elective single-embryo transfers on Day 3, without losing the advantages of a transfer at blastocyst stage, and, at the same time, preventing the pitfalls of an extended embryo culture. In fact, prolonged culture to blastocyst stage can be considered equivalent to natural selection of grossly abnormal embryos that would arrest their development because of aneuploidies (Munné, 2006; Fragouli et al., 2014) or inappropriate embryonic genome activation at 4-8 cells stage. Consistently, blastocyst transfer has doubled the implantation rate compared with Day 2 or 3 transfer (Glujovsky et al., 2012) and promoted the transfer of a lower number of embryos, ultimately contributing to a decrease in multiple infant births. On the other side, the main drawback of extended culture is that approximately only half of goodquality cleavage-stage embryos survive to the blastocyst stage (Rijnders and Jansen, 1998) . It is not known whether this is because of the artificial culture medium or the fact that the embryo would not have developed anyway. Consequently, extended culture is often avoided, especially when patients have only a few embryos and this can result in none embryos to transfer (Jones et al., 1998; Tsirigotis, 1998) . Further evidence suggests that prolonged culture may increase the risk for epigenetic disorders, monozygotic twinning, preterm delivery, congenital Figure 3 Bar graphs comparing amounts of mtDNA with respect to gDNA (mtDNA/gDNA ratio) between spent media of embryos that established a successful pregnancy or failed in implanting. Data are means + SEM. *P , 0.05. defects and miscarriage (Manipalviratn et al., 2009; Fernando et al., 2012; Kalra et al., 2012) .
In summary, results shown in the present paper demonstrate that mtDNA/gDNA ratio in Day 3 embryo secretome, in combination with morphological grading, has the potential to improve successfully identification of viable embryos with high developmental potential.
Further studies, mainly focused on implantation outcome, will have to be conducted in a larger cohort of samples, with the aim at determining robustness and limitations of the mtDNA/gDNA ratio test, on the chance of a randomized prospective study design.
